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ABSTRACT

This review of paper sizing systems describes a recent,
quiet revolution with respect to the chemicals used during
the manufacture of paper. Before this revolution the pri-
mary means of imparting water-resistance to
mass-produced paper involved rosin and alum, the latter
of which is highly acidic. During the 1980s, and continu-
ing up to today, there has been a dramatic shift to new
sizing chemicals that employ an alkaline buffering system.
As a side benefit of this change, most printing, writing, and
drawing papers now made in the U.S. tend to be brighter
and more resistant to embrittlement during storage.
Perhaps surprisingly, however, the roots of the revolution
may have had little to do with paper’s permanence.

A TALE OF TWO BUFFERING SYSTEMS

It was the best of times. It was the worst of times. In
the years leading up to about 1980 papermakers in the U.S.
believed they had a good thing going—and they did. One
of the things they had going for them was clay. Clay was
first used as a filler for paper in 1807, and such practices
had become common by 1870 (Hunter 1947). A typical
printing paper made during the 1970s in the U.S. con-
tained 5-10% clay by mass. Prior to recent discoveries in
the Amazon region (Halward et al. 1978), the clays from
Georgia and South Carolina were regarded as being among
the best in the world in terms of making smooth, relative-
ly opaque, and relatively inexpensive papers for printing,
writing, and related purposes. Clay is a moderately bright,
platey mineral (fig. 1), which is quite easy to collect with
steam shovels and to disperse in water without extensive

grinding required (Slepetys and Cleland 1993). Another
important fact about clay is that it is chemically inert. In
other words, it can be used both under acidic and alkaline
conditions.

THE BEST OF TIMES

Another good thing that papermakers had going for
them at that time, so it seemed, was their system for
imparting water resistance to some of their products.
When papermakers use the word “sizing” they usually
mean one of two things, either adding something to the
slurry of pulp fibers to make the resulting paper resist flu-
ids, or applying a viscous solution to the surface of paper.
To distinguish these two practices, the addition of
hydrophobic materials to the pulp slurry is often called
“internal sizing.” The second usage of the term, often
called “surface sizing,” will be considered at the end of this

paper.
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Fig. 1. Schematic illustration of the shape and size of typical clay
particles used in the filling of paper.
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The traditional way to internally size printing and writ-
ing papers during most of the previous two centuries was
based on the use of rosin and alum (Strazdins 1989a; Scott
1996). The major source of rosin, as used by papermakers,
has been the wood itself. Rosin compounds can comprise
as much as 1-2% of the dry mass of wood from a pine tree
(Back and Allen 2000). The pitch that tends to ooze from
injured areas in the trunk of a pine tree contains a lot of
rosin. One of its purposes can be compared to formation of
a scab on a wound. Though once it was common to collect
rosin from freshly cut stumps in the forest, now most rosin
is derived from the industrial process of preparing wood
pulp for papermaking (Smook 1992). Indeed, rosin is a
component of the “tall oil” that becomes distilled from
wood chips as they are “cooked” under alkaline conditions
in the kraft pulping process.

Rather than referring to a single compound, the word
“rosin” actually refers to a mixture of closely related mate-
rials from the wood (Strazdins 1989a). One of the major
components of this mixture is abietic acid. As shown in the
left-hand side of figure 2, abietic acid has three six-mem-
bered rings fused together. Because the rings contain only
carbons and hydrogens, most of the molecule is water-hat-
ing. The single carboxylic acid group, though it tends to
impart water-loving character, is hardly enough to make
the rosin molecule as a whole dissolve in water. As we will
see later, this group can be the key to anchoring the
molecule in place at the fiber surface.

Before it is used in papermaking, most rosin is modi-
fied according to the reaction shown in figure 2. This
modification was first reported in 1962, and by the 1980s
most rosin used in papermaking was fortified with between
2% and 8% of fumeric or maleic anhydride (Strazdins
1989). The reaction product, often called “fortified rosin,”
initially contains an additional ring, as shown. Subsequent
interaction with water opens up the ring, forming the sec-
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Fig. 2. Abietic acid, a major component of wood rosin, and its
reaction with maleic anhydride to form fortified rosin size.
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ond and third carboxylic acid group on the molecules. One
of the benefits of fortification is a much improved storage
stability of the rosin formulation. In addition, the fortifica-
tion process contributes two additional carboxylic acid
functions to the molecule, rendering it much easier to dis-
tribute on the fiber surfaces, using either of two
preparation procedures. Thus, fortification is expected to
decrease the amount of rosin required to achieve certain
goals in fluid resistance without noticeable changes in other
paper properties. Ordinary, unfortified rosin is susceptible
to oxidation, crystal formation, and biological decay.
However, it has not been demonstrated whether fortifica-
tion of rosin affects permanence characteristics.

Rosin Soap

The simpler and older of the two main formulation
strategies for rosin size involves treatment with base to
saponify the carboxylic acid groups. The term saponifica-
tion means that an organic acid, of the type commonly
found in natural materials, is converted into its corre-
sponding soap form. The chemical reaction of
saponification can be illustrated by the following simpli-
fied equation, in which we consider the unfortified form of
abietic acid:

RCOOH + NaOH(aq) = RCOO™ + Na* + H,0O 1)

The symbol R in equation 1 represents the water-hating
hydrocarbon part of the molecule. As is true of soaps in
general, the sodium salt of rosin acid is readily dispersed
in water in the form of micelles. Each such micelle consists
of a cluster of rosin soap molecules in which the hydropho-
bic parts are bunched together, and the water-loving
carboxylate groups face outwards toward the water.

Rosin Acid Emulsion

The second main procedure for formulating rosin for
papermaking applications involves emulsification. In prin-
ciple, this approach is expected to require a lower addition
of aluminum to the process, compared to the soap form
for rosin sizing. This translates into a somewhat higher pH
range during papermaking, and the rate of embrittlement
of the paper during storage also is likely to be slower, in a
typical case. In other respects probably it would be diffi-
cult to tell, after the paper is made, what type of rosin had
been used.

An emulsion consists of droplets of one liquid in anoth-
er. To form the rosin emulsion, the waxy material is first
heated above its melting point. Instead of converting the
rosin to its soap form, most of it is kept in its water-insol-
uble, “free acid” form. In the presence of intense agitation
the liquefied rosin is combined with an aqueous solution of
a stabilizing polymer. One function of the polymer is to
stabilize the resulting droplets of rosin so that they don’t
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stick to each other, forming agglomerates due to chance
collisions. Most of the polymers now used as stabilizers
for rosin size have a net positive charge (Ehrhardtand Gast
1988; Nitzman and Royappa 2003). This charge allows the
polymers to perform a second function, helping to retain
the rosin on negatively charged fiber surfaces during the
papermaking process.

Alum, Papermakers’ Friend

In the years leading up to 1980 another aspect that made
it scem like “the best of times” for U.S. papermakers
involved the use of aluminum sulfate, or “papermaker’s
alum.” Alum was sometimes called the papermaker’s
friend, due to its wide-ranging and dependable eftects on
the papermaking process. These benefits included not only
the development of paper’s hydrophobicity (in combina-
tion with rosin), but also increased efficiency of retaining
small particles in the paper during its formation. Best of all,
alum addition often resulted in more rapid drainage of
water from the fibers, making it possible to increase the
speed of many paper machines.

As illustrated in figure 3, one particularly attractive fea-
ture of rosin-alum sizing systems in general is that it is
relatively easy to control the level of hydrophobicity
imparted to the paper. The left-hand axis of the figure
shows the time, in seconds, required for an aqueous solu-
tion of dye to penetrate through paper. The horizontal axis
shows the amount of rosin size, added together with alum
to the fiber suspension before making the paper. The
smooth, gentle slope of the results in figure 3 has been an
advantage to papermakers, making it relative-
ly easy to achieve the different levels of
hydrophobicity required for different paper
products, including writing paper, paper for
different printing processes, and cup stock, for
instance. Note that the alkaline sizes, to be dis-
cussed later, show a more abrupt increase in
hydrophobic character with dosage.

The invention of the paper machine in
1798 marked a turning point in papermaking
practices (Hunter 1947). Figure 4 illustrates
the first machine capable of forming a contin-
uous sheet of paper. Though papermakers, as
a group, have tended to be conservative, pre-
ferring the old ways to the new, the emergence
of modern machinery gradually brought
changes. Fibers from rags gradually became
replaced by wood fibers. The speed of pro-
duction gradually increased. However, rosin
sizing, as well as the use of alum, remained
well entrenched in papermaking practice.
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Fig. 3. Effect of sizing agents’ addition level on the time required
for aqueous solution to penetrate through paper (Royce 1995,
redrawn figure).

Alum’s Buffering System

Had carly papermakers been able to guess at the com-
plexity of aluminum’s chemistry (Bottéro et al. 1980;
Strazdins 1989b), perhaps they would have taken a difter-
ent view of their “friend.” If one adds aluminum sulfate
or aluminum chloride to water, it dissociates into AI’* ions
that immediately begin to react with the OH" ions in the
water. The following equations represent some of the
most important ionic species of aluminum that are formed
in these hydrolysis reactions:

Fig. 4. The invention of the continuous paper machine in 1797, as illustrated by
unsigned Italian sculpture in the author’s collection.
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AP*(aq) + OH" — Al(OH)** @)

13AP* (aq) + 320H" — Al;;(OH);,"* (the “Al;;” ion) (3)

AP*(aq) + 30H" — Al(OH), (“alum floc™) (4)

Because each of these reaction systems consumes OH"
ions, it can be said that alum is “acidic” and that it tends to
bufter the pH of the system. In other words, addition of
either acid or base to the system will shift the equilibria of
reactions such as those shown above, and the resulting
change in pH will be much less than it would have been in
the absence of aluminum ions. For these same reasons it is
expected that a water-extract of aluminum-containing
paper will be buffered in the acidic range. Even if a con-
servator bathes the paper in distilled water, the extract pH
is expected to remain well below the neutral point.

In addition to the products of aluminum ions and the
hydroxyl ions (OH") shown above, it is worth noting that
the sulfate ion also has a strong ability to complex with alu-
minum (Matijevi? and Stryker 1966). Though it is clear
that the presence of sulfate ion has a large effect on the
behavior of aluminum compounds during the papermak-
ing process—and in other applications such as water
treatment—relatively little research work has been report-
ed to quantify the kinds of ions that may be important.

Alum’s Interaction with Rosin Soap

When papermakers use the “soap” form of rosin, as
described earlier, the chemical processes that are important
for the development of paper’s hydrophobicity take place
already in the fiber suspension, before the paper is made. In
the most traditional practice the rosin soap is mixed frst
with the suspension, either in an open-topped tank, or in a
pipe, as the suspension is pumped in the direction of the
paper machine. Next, a solution of alum is added to the
flowing suspension of fibers to “fix” the rosin onto the fiber
surfaces. As shown by equation 5, the compound formed
between a rosin soap ion and an aluminum ion tends to
precipitate out of solution, onto the surface of solids in the
suspension (Back and Steenberg 1951; Marton 1989):

nRCOO" + AP*(aq) — AI(RCOO), ®* | )

In equation 5 the term R is used to represent the hydro-
carbon part of the rosin molecule, not distinguishing
whether one or more COO" functions from the same rosin
molecule are involved. It is worth noting that equation 5
calls for trivalent AI** ions, which are the dominant alu-
minum species below a pH of about 4.5, depending on the
overall concentration and other factors. Indeed, most sizing
with rosin soap tends to be done within a pH range of
about 3.8 to 4.5, which is quite acidic. Water extracts
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obtained from the resulting paper can be expected to be
similar in pH.

As a result of reactions of the type represented by equa-
tion 5, the rosin is precipitated onto the fiber surfaces. Part
of the positive charge of the aluminum ion persists after
the reaction, so the aluminum can anchor the rosin on the
negative surface of a typical fiber used for papermaking.
Meanwhile the hydrophobic part of the molecule is ori-
ented outwards from the fiber surface, as shown in figure
5. Anchoring and orientation of a hydrophobic molecule
are said to be two of the key requirements for the efficient
hydrophobic sizing of paper.

Alum’s Interaction with Rosin Acid Emulsion

By contrast, when papermakers rely on the emulsion
types of rosin products to reach their sizing goals, the
important reactions take place as the paper is dried.
Another key difference between the two main strategies for
rosin sizing involves the type of aluminum species that are
most important. In the case of rosin emulsion sizing, stud-
ies have shown that alum can play a key role in retaining
the emulsion droplets on the fiber surfaces (Kitaoka et al.
1997). The “polynuclear” ionic species, represented by
equation 3, have been shown to be particularly effective in
this regard (Bottéro et al. 1980; Arnson and Stratton 1983;
Strazdins 1989b). Values of pH in the range of about 4.5 to
6 during the manufacture of paper favor efficient adsorp-
tion of such ionic species onto the fiber surfaces. Then, as
the paper is dried, the molecules of rosin either vapor-dif-
fuse or spread along the fiber surface to interact with
aluminum species. It is not necessary to show another fig-
ure here, since the manner of chemical anchoring of the
rosin to the surface is essentially the same as in the case
shown in figure 5 for rosin soap sizing. Although recent
analytical methods can be used to evaluate the evenness of
arosin distribution on a surface (Wang et al. 2000), it seems

Rosin molecule

Alum floc |
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Fig. 5. The anchoring of a rosin molecule at a fiber surface by
means of an aluminum compound, which provides a positively
charged site.
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unlikely that rosin particles would be observable by meth-
ods commonly used by conservators.

THE WORST OF TIMES

Not everyone was content with the results of acidic
papermaking, as described above. In particular, there was
growing concern regarding the embrittlement of paper
products that were stored for long periods. Conservators
noted a surprising phenomenon: the paper in certain
books produced in the 1700s seemed to be in much better
condition than typical books made during the late 1800s
and 1900s (Barrett 1989). Barrett did a comparative study
of such cases, extracting the paper with distilled water and
measuring the pH. A strong correlation was found
between the extract pH of the paper and its tendency to
become brittle during storage.

To understand this phenomenon, follow-up work was
carried out in which paper was heated in order to acceler-
ate the aging process (Arney and Chapdelaine 1981).
Figure 6 shows some results. It became clear from such
studies that much of the blame for paper’s premature
embrittlement can be attributed to acidic conditions.
Though there is no doubt that acidity can be contributed
by air pollution (Ehrhardt 1990), rosin-alum sizing has
probably been a much larger contribution to the problem
over the years.

To be fair, acidity is not the only factor that affects the
storage-stability of paper. In particular, the aging of paper
also tends to become more rapid with increases in mois-
ture and temperature (Du Plooy 1981; Klungness and
Caulfield 1982; Wilson and Parks 1982; Waterhouse 1990;
Hubbe et al. 2003). Air-oxidation also has been found to
accelerate the rate of chemical breakdown of cellulosic
fibers during storage (Arney and Novak 1982).
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Fig. 6. Loss in tensile strength vs. time for newspaper samples
prepared under acidic (pH=4.5) and near-neutral (pH=7.9)
conditions; Redrawn figure (Arney and Chapdelaine 1981).

The Cost of Opacity

Perhaps because they represented only a small fraction
of the overall customer base for paper products, librarians
and conservators did not at first get much attention when
paper’s aging problems started to become evident.
However, there was an additional issue that was increas-
ingly affecting the papermaker’s bottom line. Various paper
products generally have tended to become thinner and
lighter over the years as papermakers attempt to satisty
their customers with a lower usage of fibers and other
materials. A trend in reduced weight per unit area has been
apparent in such paper grades as magazine paper, the outer,
linerboard layer of corrugated boxes, and lithographic
printing papers. Lighter-weight paper is more convenient
for shipping. At the same time, the paper still needs to
meet certain requirements of opacity so that the end-user
isn’t disturbed by “show-through” of printed images on
the back side of a sheet, or on a subsequent sheet.

Under acidic papermaking conditions one of the main
additives used by papermakers to meet increasingly chal-
lenging opacity goals has been titanium dioxide. When it is
used, typical amounts of TiO, in paper range from zero to
about 5%, though higher amounts may be used when
making thin, opaque paper for religious texts. The anatase
and rutile forms of TiO, are especially good at scattering
light. The light scattering ability of different minerals can
be quantified in terms of a light scattering index, s. The
specificlight scattering index for TiO, in paper tends to
be about 6000 m?/g, compared to about 1500 m*g in the
case of clay filler, and about 200-400 m?/g for the fibers
themselves (Middleton et al. 1994).

Despite its strong ability to scatter light, TiO, never
achieved the status of “friend” in the papermaker’s per-
spective. Not only does TiO, tend to be expensive, but it
also it is relatively hard to retain during the papermaking
process, due to the small size of the particles. Special
water-soluble polymers called retention aids are typically
added to the papermaking mixture in order to retain the
mineral in the paper as the sheet is being formed. Once a
sheet of paper is dried, any filler particles, including TiO,,
are expected to become strongly attached to the fibers. It
has been shown that TiO, particles, due to their small size,
are very difficult to wash from a surface to which they have
become attached (Hubbe 1985). Thus, if a conservator
bathes a sheet in mild aqueous solution, the original reten-
tion aid chemicals can be expected to prevent release of
the mineral particles.

A REVOLUTION OCCURS

Before 1980 calcium carbonate already was used some-
times as a filler for paper, especially in Europe (Hagemeyer
1984). It so happened that there were excellent deposits of
the chalk form of calcium carbonate that could be mined
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in England and Denmark. As is true also for clay, chalk is
quite easy to mine, requiring relatively little energy for
grinding. European papermakers found that they could
reduce their cost of materials by replacing about 10% to
30% of their fiber material with CaCOj3. The result of this
substitution also yielded a smoother and more opaque
sheet of paper. At the same time, increasing filler tends to
reduce the stiffness, and surface treatment of the paper may
be needed to avoid a chalky feel.

But in the U.S. the only high-quality deposits of
CaCOj consisted of limestone or marble, which are hard
materials, requiring a lot of grinding energy to convert
them into useful papermaking fillers. Also it was known
that purified CaCO5 products could be formed by precip-
itation of calcium ions from solution. Cigarette papers
were one of the few products that were made with calcium
carbonate filler, due to some favorable effects on the uni-
form burning of the paper.

Then the situation began to change rapidly after the dis-
covery that certain precipitated calcium carbonate (PCC)
products were able to yield favorable opacity and bulking
effects in paper, while at the same time avoiding the high
grinding requirements of limestone (Laine 1980;
Hagemeyer 1984). In addition, PCC helped papermakers
to avoid the high abrasiveness of the ground limestone
(GCCQC) products that were available during the 1980s.
GCC products that contained quartz particles as an impu-
rity caused rapid wear of the paper machine’s forming
fabric, slitter knives used to cut the paper, and lithograph-
ic printing press blankets. Such problems have been greatly
reduced in the case of GCC products made more recently,
but today PCC remains the dominant CaCOj product for
paper filling in the U.S. Because of the shift towards calci-
um carbonate, the majority of white paper grades, both
coated and uncoated, are now produced under neutral to
alkaline conditions. Certain unfilled products, such as
boxboard and various specialty paper grades, continue to
be made under acidic conditions.

In the process of preparing PCC, the first step is, iron-
ically, to heat up the original CaCOj obtained from the
mine, driving off carbon dioxide gas in a process called
“calcination.” The process can be represented as follows:

CaCOj + heat — CaO (burnt lime) + CO,? (6)

Because the resulting “burnt lime” weighs only 56% as
much as the original limestone, shipping costs can be great-
ly reduced. The next steps are often carried out at the point
of paper manufacture in a so-called “satellite” production
facility. The satellite production concept became very pop-
ular after it was demonstrated that CO, gas from
smokestacks could be recovered and used in the process.
Most often, the CaCOj is reconstituted from lime in a
two-step process represented by equations 7-8:
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CaO + H,0 — Ca(OH),
Ca(OH), + CO,(g) = CaCO; + H,O

(slaking) (7)
(carbonation) (8)

During the steps of the precipitation process it is possi-
ble to exclude some of the abrasive impurities, such as
quartz, that were present in the original mined CaCOj.
However, a more striking benefit of the precipitation pro-
cess is an ability to control the shape of the resulting PCC
(Gill and Scott 1987; Hubbe 2004). This is done by con-
trolling such factors as the temperature and various ion
concentrations during processing. Figure 7 contrasts the
shapes of three of the types of CaCO; filler particles in
widespread use. The “rosette” (scalenohedral) shape is
favored by papermakers who are making products such as
xerographic paper, which need to be relatively stiff and
opaque to perform their function. Papermakers wanting to

produce products having a higher apparent density favor
the less bulky forms of CaCOj filler.

Paper’s Antacid Pill

In addition to its various industrial roles, CaCO5 also is
the active ingredient in many of the most popular antacid
tablet products. As shown in figure 8, placement of CaCOj
into an acidic solution causes it to dissolve. The dissolu-
tion process can be described chemically as follows:

CaCOj; + 2H;0* — Ca®* +2H,0 + CO, ! ©)

It is worth noting that equation 9 involves evolution of
carbon dioxide. If the COs is released as gas, the reaction is
essentially reversible. However, the CO, also can be part-
ly dissolved in the water (Evans et al. 1991; Rauch and
Sangl 2000). Because acidity is consumed in the dissolu-
tion of CaCOs3, the filler can act as an effective buffer
against the lowering of pH. Papermaking systems that con-
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Ground
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Fig. 7. Schematic illustration of shapes and sizes of typical calci-
um carbonate particles used in the filling of paper.
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tain significant amounts of CaCOj tend to have pH values
in the range of about 7.0 to 9.0, though somewhat lower
pH values can be achieved by careful addition of acidic
materials, or the addition of phosphate ions (Pang et al.
1998). While pH values higher than 9.0 during the paper-
making process would be considered unusual, it is worth
noting that the presence of calcium carbonate does not
place any upper limit on the pH of the system.

Slower Aging of Paper

Among the benefits of so-called “alkaline papermaking”
with CaCOj5 has been a marked reduction in the rate of
deterioration of paper strength (McComb and Williams
1981; Lyne 1995). One example of this kind of benefit is
shown in figure 9 (Lyne 1995). In this experiment differ-
ent samples of light-weight-coated (LWC) magazine
papers were exposed to accelerated aging conditions of
90°C and 50% relative humidity. Two samples of paper
manufactured under acidic conditions with alum (circles)
were compared with two IWC samples prepared under
alkaline conditions in the presence of CaCOj filler (trian-
gles). As shown, the folding endurance of the acidic paper
samples deteriorated to zero in less than 32 days of aging,
whereas the alkaline papers lost only about 30%—40% of
their folding endurance when subjected to the same con-
ditions of storage. It is worth noting that one of the LWC
samples prepared under acidic conditions started out with
the highest strength.

THE NEW pH REGIME FACES CHALLENGES

The first and most critical challenge faced by the new
alkaline buffering “regime,” inherent in the use of calcium
carbonate fller, involved the ineftectiveness of rosin sizing
under those conditions. The reasons why conventional

rosin sizing does not work at high values of pH can be
traced back to the reactions shown in equations 4-5, and
they involve the chemical forms of aluminum and rosin.
For effective sizing to occur, it is first necessary that the
aluminum be present in the form of multivalent positive
ions. However, above a pH of about 6 almost all of the alu-
minum becomes converted to neutral “alum floc” (eq. 4).
This uncharged form of aluminum is unable to interact
with rosin soap (eq. 5), and also it is not efficient as a reten-
tion aid for rosin emulsion products.

Cationic Rosin Formulations

Faced with the challenge of achieving sizing at pH val-
ues in the neutral to slightly alkaline range, suppliers of
rosin products responded with new formulations. Among
the most successful approaches involved the use of highly
cationic polymers for the stabilization of rosin free-acid
emulsion sizing agents (Ehrhardt and Gast 1988; Nitzman
and Royappa 2003). The polymers used for stabilization
of such emulsions included polyamidoamine-epichloro-
hydrin, a well-known wet-strength resin. The cationic
charge imparted to the emulsion droplets by such poly-
mers allows them to be retained with satisfactory efficiency
on fiber surfaces during paper formation. Efficient sizing
with this kind of rosin emulsion system has been demon-
strated within the pH range of 5 to 6.5, and even into the
weakly alkaline range in certain cases.

Unfortunately, retention of the rosin was not the only
problem faced by the manufacturers of those products.
Another key problem was undesired saponification (eq. 1).
Though it is true that rosin soap (i.e. saponified rosin) is
widely used for the sizing of paper, soap sizing is best car-
ried out at even lower values of pH, ideally within a pH
range of about 4 to 5. Still, there has been some success in
implementing emulsion-type rosin sizing systems under
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Fig. 8. Schematic illustration of foam generation resulting from
the addition of calcium carbonate to an acidic aqueous solution.

500

Acid-formed samples: -O-@—
Neutral-formed samples:-=*h::/e+:+

400

300

v,
‘N,
.
‘e

Folds before Breakage (MD, MIT)

2000\ A a
100 % L LTI A
............................ N
0 111 ; ; Q)
02 4 8 12 16 20 24 28 32

Aging Time (days, 90 °C, 50% r.h.)
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ed papers formed under acidic (circles) and near-neutral
(triangles) conditions; figure redrawn (Lyne 1995).
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neutral or alkaline conditions by employing such measures
as minimizing the time of contact between the rosin emul-
sion and the fiber slurry, pre-mixing of the rosin with
aluminum compounds, and replacing some of the rosin
with esterified forms of rosin that are not subject to saponi-
fication.

Alkylketene Dimer (AKD) Sizing

The first “alkaline sizing” system became established in
Europe, where the chalk form of CaCOj has been widely
used as a filler for many years. The hydrophobic additive
was alkylketene dimer (AKD), which was developed in
1956 (Neimo 1999). This chemical compound is a waxy
material that can be produced from fatty acids, as found in
vegetable oils. In order to be able to distribute and retain
AKD during the paper forming process, AKD is always
emulsified in the presence of a cationic polymer, using
basically the same strategy as already has been described for
rosin emulsion products.

The sizing of paper with AKD does not require the use
of aluminum compounds. From the papermaker’s view-
point, this is a good thing, since the aluminum compounds
in question are acidic, and alkaline conditions are needed
for the best curing of the AKD size. Surprisingly, however,
there are other reasons why alum and related additives are
still used during alkaline papermaking with AKD. These
include more efficient retention of fine particles, easier
release of water during the formation of the paper sheet,
and better control of pitch deposits on the papermaking
equipment (Farley 1992; Ohman et al. 1997).

In the case of AKD sizing it is widely agreed that the key
processes involved in imparting hydrophobic character to
the fiber surfaces occurs as the paper sheet is being dried.
For instance, it has been proposed the reaction shown in
figure 10 occurs between an AKD molecule and an OH

R
AKD
R
R
— (0]
0 R
+ Cellulose
Cellulose -0 o)
B-keto ester of AKD

R = C,4-C,, alkyl chain
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group at the fiber surface (Odberg et al. 1987; Bottorff
1994). The beta-keto ester provides a covalent attachment
of the hydrophobic molecule to the fiber surface. As in the
case of rosin emulsion, described earlier, the primary
means by which the AKD molecules spread over the fiber
surfaces is a combination of vapor diffusion, plus some
limited migration of molecules along the surface (Akpabio
et al. 1987; Yu and Garnier 1997; Shen et al. 2002).

In addition to the reaction shown in figure 10, the AKD
molecules used in the sizing of paper can suffer a variety of
different fates (Bottorft 1994). Most importantly, due to a
relatively low reactivity of AKD, some of it still may be
found in its unreacted form immediately after paper is
made. A proportion of this unreacted AKD can gradually
interact with the paper surface, increasing the level of
hydrophobicity as the rolls of paper gradually cool. These
changes ordinarily will not be apparent to the user, since
little curing takes place after the paper has cooled. In addi-
tion, part of the AKD may become decomposed by reaction
with water, as shown in figure 11, losing its ability to con-
tribute hydrophobicity to the paper. Also, some of the AKD
can decompose into a polymeric form, which is not expect-
ed to be efficient as a sizing agent.

Some of the major advantages of AKD as a sizing agent
include its ability to develop high levels of water resistance
and its good chemical stability, making it possible to deliv-
er the product to its point of use as a concentrated
dispersion. Possible disadvantages of AKD include the fact
that it does not completely cure under ordinary conditions
of paper drying, and high levels of AKD can result in slip-
pery paper. Although such materials can be removed from
the paper surface with an organic solvent, none of the
products of AKD sizing are likely to be removed by bathing
of paper with water as part of a conservation procedure.

R
R B-keto
R + H,0 acid
—
AKD —_— fo) R OH

Ketone

R = C,,-C, alkyl chain (non-sizing)

Fig. 10. Hypothetical reaction between alkylketene dimer (AKD)
and fiber surfaces, expected to impart sizing effect as the paper is
being dried.

Fig. 11. Competing reaction in which the AKD molecules may
become hydrolyzed to an unstable intermediate, eventually
forming a ketone.
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Alkenylsuccinic Anhydride (ASA) Sizing

The second widely used sizing chemical suitable for
neutral and alkaline papermaking conditions is alkenyl-
succinic anhydride (ASA). This product was first
developed for paper sizing in 1974 (Hodgson 1994), and it
became widely used during the 1980s, especially in the
U.S. ASA is produced by reacting maleic anhydride with
petroleum-derived alkenes having chain lengths in the
range of about 14 to 20. The resulting mixtures of com-
pounds usually are liquids at room temperature, and they
can be converted readily to emulsions by addition to a
solution of cationic starch, with high agitation.

The most notable characteristic of ASA, compared to
AKD, is its much higher reactivity (Dumas 1981; Wasser
1987; Hodgson 1994). The two main reactions of ASA are
shown in figure 12. On the one hand, ASA reacts quickly
and completely with the fiber surfaces during the drying of
paper, achieving a complete cure. The high cure rate is
related not only to the higher reactivity of the anhydride
ring, but also to the lower molecular mass of ASA, com-
pared to AKD, allowing it to vapor-diffuse more rapidly
to sites on the fiber surfaces (Back and Danielsson 1991).
On the other hand, ASA decomposes so rapidly in the
presence of water that the emulsion needs to be prepared
“on-site” immediately before its use. Also, the ASA tends
to gradually become hydrolyzed as soon as it is added to
the fiber slurry (Wasser 1987; Yu and Garnier 2002). For
this reason, papermakers who use ASA need to use effec-
tive chemical programs for retaining the fine solids, and
other associated materials, thus minimizing the amount of
ASA that becomes recirculated several times in the water
system of the paper mill.

The quick curing of ASA is of particular advantage for
the production of surface-sized paper, since the ASA treat-
ment then makes it possible to control the penetration of

R
+ H,0 R
RT X -
O R O-
(0]
o)
O o o
+ Cellulose 1 ASA hydrolyzate
R
N o
R Covalently bonded
o 0o ASA (ester)

R =C,-C,, alkyl chain
Cellulose o2 3R

Fig. 12. Reactions of alkenylsuccinic anhydride (ASA), resulting
either in the hydrophobation of paper surface or the formation
of a hydrolyzate.

surface-applied starch solution. ASA is often preferred, rel-
ative to AKD, for this purpose, since the latter agent
usually is not completely cured before the paper enters the
size press. However, the sizing effect tends to be some-
what less durable than what can be achieved with AKD.
ASA has become especially used for the production of cut-
size printing and converting papers. In such applications it
is very important to achieve a high precision of cutting,
and the slippery nature of AKD can be a significant issue.

Surface Sizing

The story of paper sizing would not be complete with-
out a description of “surface sizing,” the process of
applying a film of starch or other materials to the surface of
paper. As early as 700 A.D. it was common to spread a layer
of animal glue or starch onto the surface of paper that was
intended for writing (Hunter 1947). Today almost all
printing and writing papers are surface-sized with starch.
Corn and potato starches are mainly used in the U.S,,
though tapioca, wheat, and rice starches also have been
used. Before use, the starch is heated in water to form a
solution, and also it is treated with an enzyme or an oxi-
dizing agent to improve its flow properties. Equipment
called a “size press” is used to spread the starch as a solu-
tion of about 10% solids onto the paper surface.

The most important purpose of surface sizing usually is
to increase the surface strength of paper. This is especially
important in the case of papers that need to withstand the
forces of tacky inks in lithographic printing. Also, starch
applied to the surface of paper helps to compensate for the
eftect of fillers, such as calcium carbonate, in decreasing
the strength of paper. For instance, the surface of filled
paper sometimes can be described as “dusty,” especially in
the absence of surface sizing. Especially after the advent of
alkaline papermaking there has been a trend towards high-
er levels of fillers, and this trend, by itself, would be
expected to decrease paper strength properties in general.
A layer of starch on the top and bottom surfaces of paper
can partly compensate for the strength loss.

As shown in figure 13, during surface sizing a viscous
solution of starch is spread over the newly formed paper
surface as the sheet passes through a nip between two solid
rolls. The amount of material taken up by the paper
depends on such factors as the solids content of the solu-
tion, its viscosity, the paper’s roughness and porosity, and
the degree to which the paper has been made hydrophobic
by the use of internal sizing agents such as rosin, AKD, or
ASA (fig. 14). Indeed, papermakers often optimize the
level of internal sizing in order to control how far the
starch solution penetrates into the paper at the size press
(Tompkins and Shepler 1991; Brungardt 1997). Complete
penetration is highly undesirable, since the re-wetted
paper can stretch uncontrollably, or even break. A high
level of hold-out usually maximizes both surface strength
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Fig. 13. Schematic illustration of a blade-metering size press
used to spread starch, as an aqueous solution, over the paper sur-
face.

and the stiffness of the resulting paper. Intermediate pen-
etration is often best for maximizing the uptake of starch
film at the size press. In this way, intermediate use of inter-
nal sizing agent can maximize properties such as tensile
strength and the ability of the paper to avoid delamination.
Although the relative location of starch in a sheet of paper
sometimes can be judged by staining with an iodine solu-
tion, the analyst needs to bear in mind that the papermaker
may also be adding starch to the fiber suspension, in addi-
tion to the starch added at the size press.

Surface Hydrophobic Additives

Depending on the paper product’s requirements, addi-
tional resistance to aqueous liquids can be achieved by the
addition of water-resisting (hydrophobic) polymer mate-
rials to the size-press starch solution (Tompkins and
Shepler 1991; Batten 1995; Garnier et al. 2000). The most
popular additives of this type are copolymers of styrene,
maleic anhydride, acrylic acid, and related materials.
Hydrophobic urethane-type polymers are also widely used.
In each case, the additives are simply mixed with the size-
press starch solution and applied at the size press. During
the drying of paper it is thought that these polymers
migrate to the surface of the film, with the hydrophobic
substituent groups tending to face outwards. The
hydrophobic polymers added to the surface starch usually
supplement, rather than replace, the internal sizing agents
described earlier. Indeed, sometimes there is an optimum
ratio of internal and surface sizing that achieve the best
economy and the best overall balance of effects (Tompkins
and Shepler 1991; Brungardt 1997).

Fig. 14. Schematic illustration of impact of internal sizing on
starch film penetration into paper. A: Low degree of sizing. B:
High degree of sizing.

THE REVOLUTION CONTINUES

Though the trends towards an increased use of calcium
carbonate filer, with the resulting neutral to alkaline paper-
making conditions, generally have been favorable in terms
of the aging properties of paper, there are some additional
trends that can be expected to continue into the future.
Not all of these changes will be welcomed by librarians,
artists, and others who are interested in the long-term sta-
bility of paper’s strength and stability.

Reduced Fiber Length

Producers of printing and writing papers have been
steadily reducing the proportion of relatively long softwood
fibers, in favor of a larger share of hardwood fibers from
such wood species as maple, birch, and eucalyptus.
Improvements in paper machine design, making it possible
to produce weaker paper at high speed (Atkins 2003), have
tended to accelerate this trend. However, the downside is
that paper’s resistance to tear can be expected to decrease,
on average.

Increased Filler Content

The cost of mineral fillers, such as calcium carbonate,
tends to be lower, compared to the fibers used in paper-
making. Thus, papermakers have a long-term incentive to
continue pushing the filler content of paper to yet higher
levels (Bown 1990; Strutz et al. 1991; Fairchild 1992). For
example, a typical uncoated paper for xerographic printing
or offset lithography made today in the U.S. contains about
15%-20% filler, and the average amount has been increas-
ing at a rate of about 0.2% to 0.3% per year. Both strength
and hydrophobic sizing become more problematic with
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increased filler levels due to the high surface area of filler
particles.

Increased Content of Recycled Fbers

While concerns for environmental protection favor the
reuse of papermaking fibers, such reuse can be unfavor-
able to paper’s long-term stability. For one thing, studies
have shown that the adverse effects of paper drying are
cumulative when kraft fibers are made into successive gen-
erations of paper (Klungness and Caulfield 1982; Howard
and Bichard 1992; Hubbe et al. 2003). The fibers tend to
become more brittle each time they are dried during
papermaking—not unlike what happens during natural
aging of paper. Fortunately, such problems are expected to
be less serious with the increased use of neutral to alka-
line conditions of manufacturing,.

Higher Yield

Finally, there is a quiet trend toward the use of higher-
yield fibers in many grades of paper. Again, the idea is
noble: use more of the wood material from the tree and
waste less of it. But the phenolic lignin compounds in
high-yield papermaking pulps tend to make the fibers
stiffer and less bondable. Also, some high-yield pulps are
especially prone to yellowing upon storage and exposure to
light. A final problem with high-yield pulps brings us full
circle to where this discussion started: the natural wood
resins in high-yield fibers tend to migrate to the surface of
fibers, gradually making the paper more hydrophobic
(Swanson and Cordingly 1959).

Digital Media

Electronic documents such as computer files can offer
extremely high resolution, as well as compact storage of
information; however, their long-term “aging” character-
istics are highly suspect. The lifetime of digital media faces
such challenges as the obsolescence of software, discon-
tinued computer drives, physical or magnetic damage to
the storage media, and even the challenge of identifying
high quality documents amid a rising tide of spam.

Though digital media have the potential to replace
paper in many aspects of communication and art, there is
no guarantee that future generations will have better luck
in viewing such documents, when compared to the ongo-
ing challenges with the preservation and distribution of
paper documents. Whereas ancient texts written on paper,
papyrus, and other such media still can be read, it is doubt-
ful that a future civilization will be able to “reinvent”
long-discarded versions of software to convert old strings
of binary code into something readable. Rather than rely-
ing on luck and the self-interest of publishers and
producers of storage media, including paper, it is impor-
tant for archivists and librarians to continually advocate for
time-tested and reliable means of document preservation.
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